Using a mouse predisposed to neoplasia by a germline mutation in Apc (Apc Min ), we tested whether induced hyperplasia is sufficient to increase intestinal tumor multiplicity or size in the intestine. We found that hyperplasia in the jejunum correlated with a significant increase in tumor multiplicity. However, tumor multiplicity was unchanged in the hyperplastic colon. This result indicates that even an intestine predisposed to neoplasia can, in certain regions including the colon, accommodate net increased cell growth without developing more neoplasms. Where hyperplasia correlated with increased tumor multiplicity, it did not increase the size or net growth of established tumors. This result suggests that the event linking hyperplasia and neoplasia in the jejunum is tumor establishment. Two novel observations arose in our study: the Min mutation partially suppressed both mitosis and TGFα-induced hyperplasia throughout the intestine; and zinc treatment alone increased tumor multiplicity in the duodenum of Min mice.
INTRODUCTION
"Promotion" is the second step in classic models of multistage carcinogenesis, following "initiation" by DNA mutation or epigenetic change [1, 2] . Promotion, during which tumors undergo a net increase in cell number, is often associated with net proliferation of the tissue surrounding the initiated cells. This proliferation often causes hyperplasia, in which the tissue is enlarged but normal tissue architecture is preserved. Hyperplasia and tumor promotion are closely associated in many human tissues, including the thyroid gland, breast, prostate, and colon [3] [4] [5] [6] [7] [8] .
In mice, tumor promotion has been analyzed most thoroughly in the skin, where it is tightly associated with hyperplasia [2, 9, 10] . Invariably, chemical promoters of skin tumorigenesis cause hyperplasia, as do a variety of skin-tumor-promoting signaling proteins expressed from transgenes in the epidermis [9, 11, 12] . These hyperplasia-inducing signaling proteins include transforming growth factor alpha (TGFα). TGFα is also up-regulated by various hyperplasia-inducing chemical tumor promoters [9] .
TGFα overexpression from transgenes in mice causes uniform epithelial hyperplasia of several organs in addition to the skin, including the mammary gland, the liver, and the intestine [13] [14] [15] . In the mammary gland and the liver, TGFα overexpression leads to carcinoma development [13, 14, 16] . In contrast, TGFα overexpression and the resulting hyperplasia do not, by themselves, lead to tumor development in the intestine [13] .
Mice carrying the chain-terminating Min (multiple intestinal neoplasia) mutation in the mouse Apc gene on a susceptible genetic background develop scores of tumors in the intestine [17] . Cell migration is reduced in non-neoplastic, heterozygous Apc-mutant tissue, as are both proliferation and apoptosis [18] [19] [20] [21] . These changes in the behavior of heterozygous tissue may either be autonomous to the heterozygous cells or else reflect a paracrine or systemic influence of the tumors arising in the intestines of heterozygous mice.
Tumors that form in Min mice, which are heterozygous for the Apc Min mutation, have silenced the wildtype allele or lost it through somatic recombination [17, [22] [23] [24] . Loss of normal Apc function, following loss of the wild-type Apc allele, might be sufficient for the development of adenomas in the small intestine [24] [25] [26] . Apc loss leads to nuclear accumulation of β-catenin [27,28], which then forms a complex with LEF/Tcf and transcriptionally activates a number of genes, including c-Myc [29] [30] [31] [32] [33] [34] . Loss of Apc leads to cellular changes, including failure to migrate and differentiate, that require c-Myc [35, 36] .
While Apc loss might be sufficient for tumorigenesis, genetic data suggest roles for several genes in enhancing or inhibiting intestinal adenoma establishment [37] [38] [39] . Deletion of Cox-1, Cox-2, Mmp-7, or PPARγ, or mutation of Egfr, dramatically reduces tumor multiplicity in Apc mutant mice [40] [41] [42] [43] [44] , whereas loss of Mlh1, Msh2, p53 or Atm increases tumor multiplicity [45] [46] [47] [48] .
To investigate the role of cell proliferation in intestinal adenoma formation, we have tested whether Min mice develop more, larger, or more advanced tumors when induced to show intestinal epithelial hyperplasia by transgenic TGFα. We have crossed mice carrying the Min mutation with mice carrying a germline, zinc-inducible TGFα transgene [13] . We show that TGFα from the transgene induces hyperplasia in mice carrying the Min mutation, in both the small and large intestines. In these hyperplastic regions, the establishment, but not the net growth, of intestinal tumors is enhanced in Apcmutant mice. To our surprise, this tumor enhancement was limited to the small intestine. The comparably hyperplastic, transgenic colon developed no more tumors than its non-transgenic counterpart.
MATERIALS AND METHODS

Mice:
Mice carrying carrying a rat TGFα transgene controlled by the metallothionein promoter (Tg(Mt-1,rTgfa)Bril49; line 1745-8; abbreviated in the text as "Tg(MT-TGFa") [13] , bred to C57BL/6J (B6) mice for 12 generations after their creation on a (B6 × SJL)F2 background, were a generous gift from Eric Sandgren. Mice carrying the ENU-induced Apc Min mutation had been bred to B6 mice for >45 generations after their detection on a (B6 × AKR/J)F1 background [17] . All mice were maintained and bred on a Purina 5020 diet with 9% fat and 20% protein.
Zinc treatment: Progeny of Tg(Mt-TGFα) x Apc
Min/+ crosses (Tables I, III, and IV; Figures 1 and 2 ) were given 25 mM ZnSO 4 (prepared using reverse-osmosis-purified water and then autoclaved) in their drinking water from birth until sacrifice. Progeny of B6 x Apc Min/+ crosses (Table II) were given 40 uM, 1 mM, 25 mM ZnSO 4 or 25 mM ZnCl 2 (prepared using reverse-osmosis-purified water and then autoclaved) from birth to 28 or 29 days, from 28 or 29 days of age until sacrifice, or from birth until sacrifice.
Tumor scoring and measurement: Four-cm sections of small intestine from the duodenum, jejunum, ileum, and the entire colon [17] were fixed in 10% formalin, generally for 24 hours, and then rinsed and stored in 70% ethanol. Tumors in the fixed sections were counted and measured at 20X power on an Olympus dissecting microscope with an ocular micrometer by an observer blind with respect to genotype. To obtain the average tumor diameter, all tumors in the four-cm jejunum were measured.
Genotyping: TGFα-transgenic mice were identified by PCR analysis of genomic DNA obtained from 1mm spleen pieces digested with Proteinase K (1 µg/µl in 45 mmol Tris-HCl, pH 8; 0.9 mM EDTA, 0.45% Tween-20) and purified using the QIAquick Gel Extraction Kit (Sjoholm et al., 2005; Qiagen) or from whole blood. Blood (50-100 ul) was mixed immediately with 200 μl of LST Buffer (29 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ) and then with 200 TNLB (5% Sucrose, 4% NP-40 in LST) until cells were lysed. Nuclei were precipitated by centrifugation, resuspended in water, frozen, and then boiled. PCR was performed using the primers TGF-pC3f (TGT CAG GCT CTG GAG AAC AGC) and TGFE4r(CAC AGC GAA CAC CCA CGT ACC) for 1 min. at 92˚C, 2 min. at 60˚C; and 3 min. at 72˚C for 40 cycles, followed by 10 minutes at 72˚C. Apc allele status was assessed as described previously [49] .
Histological assessment: Each of the formalin-fixed sections of gastrointestinal tract described above was sliced longitudinally into four or five sections. Paraffin blocks of these sections were cut to generate 5 µm sections that were stained with hematoxylin and eosin (H&E). The number of mitoses and apoptoses per crypt and crypt height (the number of cells from base to crypt edge in vertical crosssections of crypts) were assessed by examining these H&E-stained sections at 600X magnification, blind with respect to genotype (AB; [50] ).
In determining "normal" crypt height, we avoided crypts adjacent to tumors. Our separate measurements of crypts adjacent to tumors confirmed previous reports that such crypts are unusually deep (20-200% deeper than in crypts further from the tumor). The depth of these adjacent crypts decreases exponentially with distance and stabilizes at about nine crypts from the tumor (data not shown).
Images of histological sections used in Figure 2 were obtained using a Zeiss Axiophot microscope at 200x magnification.
Statistics:
The significance of differences between data sets was determined by the Wilcoxon Rank Sum test, using Mstat software (version 4.01; N. Drinkwater, McArdle Laboratory for Cancer Research). All P values were calculated on the basis of a two-sided test, except in the case of crypt cell depth differences. Based on the known effect of the transgene on a wild-type background, the expected result in those comparisons was that the transgenic animals would have deeper crypts, so a one-sided test was performed. Power and correlation coefficient calculations were also performed using Mstat.
RESULTS
TGFα overexpression increases the number of neoplasms in the jejunum, without increasing their size or progression
Mice that overexpress TGFα from a transgene driven by the metallothionein promoter develop hyperplasia throughout the intestine [13] . To determine whether this hyperplastic stimulus would affect intestinal tumor development, we assessed the effect of TGFα overexpression on tumorigenesis in Min mice. These mice carry the Apc Min mutation and develop tumors throughout the intestine. We crossed female mice carrying the TGFα transgene with male Min mice (both on an inbred C57BL/6 genetic background) to generate animals that segregated for both the mutation and the transgene (Materials and Methods). These mice were fostered to ICR mothers and given ZnSO 4 in their drinking water at birth to induce expression of TGFα.
Apc
Min and Apc
Min
;Tg(Mt-TGFα) animals developed hallmarks of TGFα overexpression, including a fibrotic pancreas and a significantly more massive stomach. The additional burden of these abnormal organs might explain the earlier mortality of TGFα-transgenic Min animals compared to the nontransgenic Min siblings and other Min mice in our colony. Transgenic Min mice became moribund at approximately 80 days, while non-transgenic Min mice became moribund at approximately 130 days.
At time points between 60 and 91 days, mice were sacrificed, their intestines fixed, and tumors were counted and measured in the entire colon and in four-centimeter-long sections representing the three major parts of the small intestine (in anterior-posterior order): the duodenum (or proximal small intestine), jejunum (or middle small intestine), and ileum (or distal small intestine).
The jejunum developed more than twice as many neoplasms in the presence of the TGFα transgene than in its absence (32 vs. 13; p < 10 -6 ; Table 1 ). To determine whether this increase in multiplicity merely reflects an increase in tumor size, whereby tumors that would be undetectable in Min animals would grow to detectable size in TGFα-transgenic Min animals, we measured the diameters of fixed tumors. Tumor diameters at 60 and 90 days were almost identical for transgenic and non-transgenic animals ( Figure 1 ). This similarity in tumor size also indicates that TGFα overexpression does not dramatically affect the timing of tumor initiation. Histological analysis of the largest tumors indicates that, like their nontransgenic counterparts, TGFα-transgenic Min tumors are rarely, if ever, invasive at sacrifice (H. Pitot, personal communication).
The increase in tumor multiplicity caused by TGFα was limited to the jejunum. Relative to nontransgenic mice, the TGFα transgene had no detectable effect on tumor multiplicity either in the colon or in the ileum (see 95% confidence intervals, Table I ). Tumor multiplicity in the duodenal region was only marginally elevated (p = 0.07).
Zinc promotes tumorigensis in the duodenum
Min mice lacking the TGFα transgene developed an average of 55 tumors in the duodenal region, about eight-fold more tumors than we generally observe in Min mice ([17,51] ; AB and AJP, unpublished observations). Further analyses revealed that most of the unusually high tumor multiplicity observed in the duodenal region of non-transgenic Min mice was completely independent of the transgene and was caused by the zinc administered in their drinking water.
When Min progeny of a B6 x Min mating were given 25 mM ZnSO 4 (or 25 mM ZnCl 2; not shown), they developed 5-10 fold more tumors than those given control water (Table II) . This effect required a high dose of zinc, as 1 mM caused only a 1.5-fold increase in tumor multiplicity (8.7 vs. 6.3; p = 0.09), and 40 µM had no effect (6.2 vs. 6.3; p = 0.8). Zinc affected tumor multiplicity whether given from birth until sacrifice or only after weaning, but the effect of zinc given lifelong was significantly weaker than when it was given only after weaning (p < 0.01; Table II ). Mice wild-type for Apc developed no tumors when given ZnSO 4 . Importantly, the zinc effect in non-transgenic Min mice was strictly limited to the duodenal region: consumption of even 25 mM ZnSO 4 had no effect on tumor multiplicity in the jejunum, ileum, or colon in the absence of the TGFα transgene (Table II) . To focus on effects caused by the transgene, we have omitted the duodenum from the analyses below.
The Apc
Min mutation attenuates transgene-induced mitosis and hyperplasia Table III ).
The ileum's failure to develop significant hyperplasia in transgenic Min animals seemed to be a regionally pronounced instance of a global suppression of hyperplasia in transgenic mice by the Min mutation (Table  III) . Less complete suppression of hyperplasia was also seen in the jejunum (20 vs. 26 cells/crypt, p < 0.01), and in the colon (32 vs. 40 cells/crypt, p<0.05). This global suppression of hyperplasia correlated with a reduction in mitotic rates (and not with an increase in apoptotic rates; Table IV ). In the jejunum, ileum, and colon, crypts in transgenic animals carrying the Min mutation displayed only 40-64% of the mitotic figures seen in transgenic mice on a wild-type background (jejunum: 1. Table III ).
The near-complete resistance of ileal Apc
Min cells to transgene-induced hyperplasia prevented evaluation of whether hyperplasia could contribute to tumor promotion in that region. However, the jejunum and the colon of TGFα-transgenic Min mice both developed significant hyperplasia. Resistance to hyperplasia therefore can not explain the difference in tumor promotion between the colon and the jejunum.
TGFα affects the rate of apoptosis in the medial small intestine.
To begin to understand the jejunum's susceptibility relative to the colon, we viewed hematoxylin and eosin-stained normal tissue sections of TGFα-transgenic and non-transgenic Min crypts and scored apoptotic bodies in these two regions. While the transgenic and non-transgenic jejunums underwent similar numbers of mitoses (Table III) , they differed in the incidence of apoptoses. In the normal jejunum, non-transgenic animals displayed four-fold more apoptoses than transgenic animals (p < 0.05, AB, Table IV ). (RS, an independent observer using 500x magnification, detected a 3.3-fold difference in apoptoses, p < 0.05; not shown; correlation between observers = 0.45, p < 0.05.) The majority of apoptoses in the jejunum occurred in the proliferative region of the crypt. Apoptoses in colonic crypts assessed in hematoxylin-and-eosin-stained sections were not suppressed by the transgene. (Indeed, in TGFα-transgenic animals wild-type for Apc, apoptotic rates were uniquely high; Table IV.) Thus, suppression of apoptosis occurred only in the TGFα-transgenic jejunum and correlated with enhanced tumorigenesis in that region.
DISCUSSION
We report three main results: 1) Hyperplasia of a tissue "initiated" by mutation does not necessarily promote tumorigenesis in that tissue; 2) The Min mutation can suppress hyperplasia; and 3) Zinc can promote tumorigenesis in the intestine.
Tumor promotion
Hyperplasia was associated with a significant increase in the number of tumors in the jejunum. Tumor size and progression were unaffected, indicating that enhancement of tumorigenesis in the jejunum occurred during tumor initiation or establishment, rather than during growth or progression. These effects on tumor establishment are consistent with the effects of mutations in the TGFα receptor, the epidermal growth factor receptor (EGFR), on Min tumorigenesis.
EGFR plays a critical role in the maintenance and/or expansion of microadenomas in the small intestine (not assessed in the colon; [43] ). Similarly, the survival or expansion of microadenomas might underlie the enhancement of tumorigenesis by transgenic TGFα. A requirement for a threshold level of EGFR ligand at this vulnerable stage of tumor development could explain the apparently high frequency of polyclonal tumors in Min mice [52, 53] . Specifically, microadenomas might fail to expand unless they are exposed to sufficient EGFR ligand, potentially supplied in a paracrine fashion by nearby microadenomas and transformed crypts.
The EGFR family is known to mediate migration, differentiation, cell polarity, and survival [54, 55] . An effect of cell survival on tumorigenesis is suggested by our observation that apoptosis is suppressed in the normal TGFα-transgenic Min jejunum. Thus, TGFα might enhance tumor establishment by preventing the apoptosis of aberrant cells in microadenomas, while independently promoting the hyperplastic growth of normal tissue.
We were surprised to find that hyperplasia induced by TGFα overexpression did not lead to enhanced tumorigenesis in the colon. Hyperplasia has long been associated with tumorigenesis, particularly in chemical carcinogenesis protocols that cause skin tumors [3] [4] [5] [6] [7] [8] [9] . Our finding indicates that some tissues can accommodate a net increase of mutant cells without developing more tumors. Likely explanations for the colon's resistance relative to the jejunum include regional variation in the timing or location of TGFα action or of factors that modify its effect.
Work on skin carcinogenesis has shown that the timing of tumor promotion is often critical [10] . Most tumors detected in Min are established within the first few weeks of life [56] , and the time during which microadenomas can be effectively expanded or protected from loss might be limited. The colon might respond to TGFα later than the jejunum because of natural variation in the development of the intestine [57, 58] or because slower zinc accumulation in the colon [59] delays activation of the TGFα transgene.
Alternatively, cellular or dietary factors or local flora that modify the effects of hyperplastic growth might differ between the jejunum and the colon. Cellular cofactors might include the products of genes that either require mutation or silencing in the colon but not the jejunum [39] or else enhance apoptosis in response to TGFα in the colon. We observed suggestive evidence for such an increase in apoptosis, but it was not statistically significant (Table IV) .
Dietary cofactors might include zinc. Zinc accumulates to much higher levels in the proximal small intestine (duodenum and jejunum) than in the colon [59] . Zinc can suppress apoptosis, its deficiency has been shown to affect tumorigenesis, and excess zinc may increase mutagenicity by suppressing levels of superoxide dismutase [60] [61] [62] . However, zinc does not promote tumorigenesis in the jejunum of Min mice in the absence of the transgene (Table II) and its role in the jejunum would therefore be restricted to that of cofactor.
The timing of a cofactor's accumulation might also determine its ability to act as a promoter. In their study of tumors induced by the food mutagen 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) in Min mice, Steffensen et al. [63] found that sensitivity to PhIP, which causes inactivation of the wildtype Apc allele [64] , was greatest between postpartum days 3-12 in the small intestine. In the colon, sensitivity was greatest from day 3 before to day 3 after birth [63] . Thus, in our experiments, the colon might have responded to zinc and TGFα overexpression by developing more tumors if zinc had been provided starting in late gestation. Initial attempts to induce TGFα expression in pregnant females throughout gestation have resulted in overgrown, stillborn fetuses (AB and AJP, unpublished observations).
Min suppresses TGFα-induced hyperplasia
A second unexpected result from our study was the general suppression by the Min mutation of TGFα-induced hyperplasia throughout the intestine. Although this suppression was incomplete in the jejunum and colon, it was significant and correlated with suppression of mitosis. The suppression of mitosis and hyperplasia seen here might reflect an effect of Apc mutation on TGFα expression or signaling. However, suppression of cell division in normal, non-transgenic tissue by Apc mutations has been noted previously [51, 65] . It is not clear whether the suppression is a cell-autonomous result of heterozygosity for Apc, or, instead, whether it is a paracrine or systemic effect of tumors.
Zinc as tumor promoter
We have found that chronic consumption of 25mM zinc in drinking water causes a 5-10 fold increase in tumor multiplicity in Min mice on an otherwise entirely B6 background (Table II) . These novel results demonstrate that zinc can act as a tumor promoter in vivo. The consumption of 25 mM zinc in drinking water by mice is equivalent to the consumption of approximately 1500 mg/day of zinc by humans. Recently, a study of men taking zinc supplements suggested that consumption of more than 100mg of zinc per day may play a role in prostate carcinogenesis [66] . Our observation of zinc's effect on Min mice mice strengthens the study's conclusion that high doses of zinc supplements might promote carcinogenesis.
SUMMARY
We have shown that the jejunum of Min mice responded to a hyperplastic environment by developing more tumors, but the colon, significantly, did not. In addition, our novel observations that the Min mutation can suppress hyperplasia and that zinc can promote tumorigenesis in the Min intestine each warrant further study. TGFα overexpression increases the number of neoplasms in the jejunum. Female mice carrying the TGFα transgene Tg(Mt-TGFα) were crossed with male Apc Min/+ mice to generate animals that segregated for both the mutation and the transgene. Pups were fostered to ICR mothers and given ZnSO 4 in their drinking water at birth to induce expression of TGFα. Agematched mice (60-90 days old) were sacrificed and their intestines fixed. Tumors in four-cmlong sections representing the four major parts of the intestine were counted and measured using a dissecting microscope at 20X magnification. P values were determined using the Wilcoxon Rank Sum test. * N=27 for proximal.
Table II
Zinc promotes tumorigenesis in the duodenum. B6 mice carrying the Apc Min mutation were given ZnSO 4 for the indicated duration (first column); otherwise they were given control drinking water. Mice were sacrificed at approximately 90 days of age. Tumors in fourcentimeter-long sections representing the four major parts of the intestine were counted under a dissecting microscope at 20X power. P-values determined using the Wilcoxon Rank Sum test. ND: not determined. x Apc Min/+ cross were given 25 mM ZnSO4 from birth until sacrifice at age 80-90 days. Intestines were fixed in formalin and 5 µm sections were stained with H&E. Note that the tunica muscularis (outer intestinal muscle) was cropped in photos of the colon. The average heights of crypts are given in units of cells/crypt in Table III . Scale bar, 100μm. 
